The tumor suppressor tuberin, encoded by the Tuberous Sclerosis Complex (TSC) gene TSC2, negatively regulates the mammalian target of rapamycin (mTOR) pathway, which plays a key role in the control of cell growth and proliferation. In addition to naturally occurring mutations, several kinases including Akt, RSK1, and ERK are known to phosphorylate and inactivate tuberin. We demonstrate a novel mechanism of tuberin inactivation through ubiquitination by Pam, a putative RING finger-containing E3 ubiquitin (Ub) ligase in mammalian cells. We show that Pam associates with E2 ubiquitin-conjugating enzymes, and tuberin can be ubiquitinated by Pam through its RING finger domain. Tuberin ubiquitination is independent of its phosphorylation by Akt, RSK1, and ERK kinases. Pam is also self-ubiquitinated through its RING finger domain. Moreover, the TSC1 protein hamartin, which forms a heterodimer with tuberin, protects tuberin from ubiquitination by Pam. However, TSC1 fails to protect a disease-associated missense mutant of TSC2 from ubiquitination by Pam. Furthermore, Pam knockdown by RNA interference (RNAi) in rat primary neurons elevates the level of tuberin, and subsequently inhibits the mTOR pathway. Our results provide novel evidence that Pam can function as an E3 Ub ligase toward tuberin and regulate mTOR signaling, suggesting that Pam can in turn regulate cell growth and proliferation as well as neuronal function through the TSC/mTOR pathway in mammalian cells.
Introduction
Inactivating mutations in either the TSC1 or TSC2 gene are responsible for tuberous sclerosis complex (TSC), an autosomal dominant disorder, which is characterized by formation of slowgrowing, benign hamartomas in multiple organs [1] . The protein products of TSC1 and TSC2, hamartin and tuberin (also referred to as TSC1 and TSC2, respectively), form a tight complex and function together in the cell. Tuberin has GTPase activating protein activity toward the small GTP-binding protein Rheb. The TSC protein complex restrains cell growth and proliferation by acting as a focal point integrating a diverse range of signaling pathways with the mTOR pathway (for reviews see [2, 3] ). A growing body of evidence suggests that abnormal regulation of the TSC-mTOR pathway may be a widespread molecular mechanism for the pathological development of several hamartomatous syndromes including TSC (for review see [3] ).
We previously identified Pam (Protein associated with Myc) as a tuberin interactor and demonstrated a genetic interaction between the homologs of these proteins in Drosophila [4] . Pam is an extremely large protein which belongs to an evolutionally conserved family of proteins (PHR family) including Phr1 in mouse, Highwire (HIW) in Drosophila, Regulator of Presynaptic Morphology (RPM-1) in C. elegans, and Esrom in zebrafish. These proteins contain multiple domains including a Myc-binding region, regulator of chromosome condensation (RCC)-homology domains (RHD), and a C-terminal RING finger (RZF) domain which is present in a large family of E3 Ub ligases [5] . Several genetic studies demonstrate that Pam homologs regulate presynaptic growth [6] [7] [8] [9] [10] [11] [12] . Members of the PHR family have been suggested to control a variety of signaling pathways including JNK/p38 MAPK signaling in Drosophila and C. elegans [13, 14] , TGF-β/BMP signaling in Drosophila [15] , and cAMP signaling pathway in mammalian cells [16] . In addition, a very recent report suggests that RPM-1 positively regulates a Rab GTPase pathway to promote vesicular trafficking via late endosomes, thereby regulating synapse formation and axon termination [17] . The results obtained from both Drosophila and C. elegans suggest that the highly conserved RZF domain is critical for E3 Ub ligase activity of Pam homologs, particularly in regulation of synapse development [13, 14] . However, the function of Pam as an E3 Ub ligase in mammalian cells remains unknown.
In this study, we examine whether Pam targets tuberin for degradation through ubiquitination and thus can regulate TSC/mTOR signaling pathway. Our results demonstrate that Pam interacts with specific E2 enzymes and is capable of ubiquitinating tuberin. In addition, hamartin protects tuberin from ubiquitination by Pam. Furthermore, suppression of Pam in primary neurons results in stabilization of tuberin and downregulation of mTOR signaling. In addition to cell proliferation and growth, in neuronal cells, TSC1/2 and mTOR are implicated in many processes which are critical for neuronal development and long-term modification of synaptic strength [18] [19] [20] . Furthermore, Ub and ubiquitination enzymes have emerged as key regulators of synaptic development, function and plasticity [21] . Therefore, our findings suggest that Pam, as an E3 Ub ligase and a regulator of TSC/mTOR signaling, could play an essential role in synaptic development and function in mammalian neurons.
Materials and methods

Cell culture, antibodies, and reagents
Human embryonic kidney 293T (HEK293T) cells were maintained in DMEM with high glucose (4.5 g/l glucose) (Gibco) containing 10% FBS (Gibco). Dissociated hippocampal or cortical neuronal cultures were prepared from E18 rats (Charles River Laboratories), plated either on coverslips coated with poly-D-lysine (PDL, 1 mg/ml, Sigma) for transfection or on PDL (0.1 mg/ml)-coated 60 mm dish for lentiviral infection. Neuronal cultures were maintained in growth media containing Neurobasal Media (Gibco) supplemented with 2% B27 Supplement, 2 mM L-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin, as described [20] . Primary antibodies used are anti-FLAG M2, anti-GAPDH (Sigma), anti-GST, anti-p53 (Santa Cruz), anti-myc 9E10 (Development Study Hybridoma Bank), anti-HA (Covance), anti-His (Qiagen), anti-phospho-S6 (S235/236), anti-S6, anti-phospho-S6K (T389) (Cell Signaling Technologies). Anti-Pam (PP1) and anti-TSC2 (TSDF) antibodies were described previously [4] . ALLN, MG132, and cycloheximide were obtained from Calbiochem.
Constructs
Generation of full-length Pam and truncated Pam fragments (Pam F1, Pam F2, and Pam F3) has been previously described [22] . Myc-tagged mutant Pam F3 (Pam F3-3A) and naturally occurring tuberin mutants R905Q and R611Q were generated using the QuickChange Site-Directed Mutagenesis kit (Stratagene). Myc-tagged Pam F3ΔRZF was generated by digestion of Pam F3 with Sap1 and Xho1 restriction enzymes to delete the C-terminus including the RZF domain. FLAG-tagged wild type TSC2 and mutant TSC2 (S939A/ T1462A) were kind gifts from B. D. Manning, and Ub-HA was a gift from Y. Jin. FLAG-tagged TSC2 (S1798A) was generously provided by J. Blenis, and Xpress-tagged TSC2 (S664/S540A) was kindly given by P. P. Pandolfi.
RNAi
To knock down expression of endogenous Pam in rat neurons, pSuper-rPam RNAi constructs were designed as described [23] . The highest efficiency of Pam suppression was observed when targeting bp 671-689 of rat Pam (5′-GGAG-CCTCCAAGCCCTGCT-3′). The target sequence was not homologous to any other genes using a BLAST database search. A scrambled sequence (5′-CAG-TCGCGTTTGCGACTGG-3′) and a modified sequence of rat Pam bp 671-689 containing two point mutations (5′-GGAGCCTCCGGGCCCTGCT-3′) were used as controls. These sequences were also used to generate the control and Pam RNAi constructs in the lentiviral pLKOpuro.1 vector kindly provided by Dr. Sheila Stewart of Washington University [24] . 6 cells/60 mm dish) were also infected with the lentiviral constructs, and 4 days after infection cell lysates were prepared for western analysis. Lentiviral particles were produced by a NINDS funded Neuroscience Vector Core at the Massachusetts General Hospital.
Transfection and infection
Ubiquitination assays and immunoprecipitation
At 20 h-post transfection, HEK293T cells were harvested and lysed in 0.5% NP-40 lysis buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5), 50 mM NaF, 1 mM Na orthovanadate, 2 mM EDTA, and 1× Complete protease inhibitor cocktail (Roche). HEK293T cells were treated with proteasome inhibitor MG132 (50 μM) or ALLN (10 nM) for 1 h prior to lysis. Lysates were then used for immunoprecipitation (IP). Briefly, protein lysates (1 mg) were incubated with 2-3 μg of anti-FLAG M2, anti-myc 9E10, anti-Xpress, anti-p53, or anti-TSC2 (TSDF) antibody for 15 h at 4°C. Subsequently, either protein-G Sepharose or protein-A Sepharose (Amersham-Pharmacia) was added and incubated for an additional 3 h. Precipitates were washed and resuspended in 2× SDS sample loading buffer. Lysates and immunoprecipitates were separated by 4-15% gradient or 5% SDS-PAGE (Bio-Rad), and transferred to nitrocellulose (Bio-Rad). Membranes were then blocked, detected with the appropriate primary antibody, followed by horseradish peroxidase-conjugated secondary antibodies (Chemicon), and then visualized using the ECL system (AmershamPharmacia).
In vitro binding assay
At 20 h-post transfection with Pam F3-Myc, HEK293T cells were harvested and lysed in 0.5% NP-40 lysis buffer. Lysates (500 μg) were then incubated with 5 μg of recombinant GST, UbcH2-GST (Calbiochem), UbcH5a-GST (EMD), UbcH5b-GST (Calbiochem), UbcH5c-GST (BIOMOL), Ubc6-His (EMD), or Ubc7-His (BIOMOL) proteins for 2 h at 4°C. Anti-Myc antibody 9E10 (2 μg) was then added and incubated for 15 h at 4°C, followed by incubation with protein-G Sepharose beads for an additional 3 h. Bound proteins were then subjected to western analysis, and detected with anti-GST, anti-Myc, or anti-His antibody.
Quantification of immunofluorescence
Hippocampal cultures transfected with pSuper vector control or pSuper-rPam RNAi constructs at 4 days post-transfection (DPT) were fixed in 3.7% paraformaldehyde/4% sucrose, permeablized with 0.1% Triton-X 100/phosphate-buffered saline (PBS) (Sigma), blocked in 1% goat serum/PBS (Jackson ImmunoLabs) for 1 h, and incubated with anti-Pam (1:10) or anti-P-S6 (1:500) antibody, followed by Cy3-conjugated goat anti-rabbit (Jackson Immunoresearch) secondary antibody (1:500). Secondary antibody fluorescence was measured in GFP-positive neurons using an LSM510 confocal (Zeiss). Acquisitions of different experimental conditions were interleaved. Both image acquisition and image analysis were performed blinded to experimental conditions. To quantify somatic immunofluorescence, a binary mask was created using the fluorescence emitted from 500 nm to 530 nm (GFP). The somatic region was user-isolated, and the average fluorescence within this mask was calculated utilizing a MetaMorph custom journal (Molecular Devices). Multiple experiments were combined by normalizing each cell's fluorescence to the average intensity of pSuper vector control.
Statistical analysis
Statistical analysis of scanned images was determined using Student's twotailed t-test, and cumulative distributions of immunofluorescence intensities were compared using the non-parametric Kolmogorov-Smirnov test.
Results
Pam associates with E2 enzymes
Pam is an evolutionarily conserved, very large protein with several interesting motifs including two N-terminal RCC1 homology domains (RHD1 and RHD2), a central Myc-binding domain, and a RZF domain at the C-terminus (Fig. 1A) . To test the role of mammalian Pam in ubiquitination, we generated three different truncated Pam mutants along with full-length Pam [22] . The RZF domains in many E3 Ub ligases have been shown to directly bind to an E2 ubiquitin-conjugating (Ubc) enzyme [5] . We asked whether the C-terminal Pam (Pam F3), containing the RZF domain, could interact with a specific E2 enzyme. Myc-tagged Pam F3 was overexpressed in HEK293T cells, and its binding capacity to GST-, or His-tagged E2 recombinant proteins was examined by in vitro binding assays. Interestingly, Pam F3 was able to bind specifically to UbcH5a, UbcH5c and UbcH7, while no interaction was detected for the other E2 enzymes (Fig. 1B) . Another E3 Ub ligase, Parkin, was also shown to associate with two different E2 enzymes UbcH7 and UbcH8 [25] , suggesting that certain E3 Ub ligases can interact with multiple E2 Ubc enzymes. Given our previous results showing that the C-terminal Pam region (residues 4312- 4641), containing the RZF domain, was also able to bind tuberin [4] , these results demonstrate that the Pam C-terminus has the capacity to interact with E2 Ubc enzymes as well as its putative substrate tuberin.
Pam enhances tuberin (TSC2) ubiquitination
We next examined whether Pam possesses E3 ubiquitin ligase activity toward tuberin. Pam C-terminus (Pam F3) containing the RZF domain promoted tuberin ubiquitination, and ALLN treatment significantly increased the accumulation of ubiquitinated tuberin (Fig. 1C) . The pattern of ubiquitination indicated both mono-and poly-ubiquitination of tuberin with variable lengths of poly-ubiquitin. The specificity of tuberin ubiquitination by Pam was next examined. Pam F3 failed to mediate ubiquitination of p53, which is known to be ubiquitinated by Mdm2 and E6-AP E3 Ub ligases [26, 27] (Fig. 1D) , indicating the specificity of tuberin ubiquitination by Pam. Neither Pam F1 nor Pam F2 showed any effect on ubiquitination of tuberin (data not shown), suggesting that the RZF domain of Pam is responsible for tuberin ubiquitination.
RZF domain of Pam C-terminus mediates selfubiquitination as well as tuberin ubiquitination
Human Pam's RZF domain has well-conserved cysteine and histidine residues, when compared with other well-known E3 Ub ligases, Mdm2 and Parkin [25, 28] (Fig. 2A) . To determine the requirement of Pam's RZF domain for ubiquitination, we generated a Pam F3-3A mutant in which three cysteine residues in the RZF domain were mutated to alanine residues (C4394A, C4409A, and C4417A). Since some RZF-containing proteins, including Mdm2, are known to be auto-ubiquitinated, we examined whether Pam could be self-ubiquitinated. Pam F3 was ubiquitinated when co-transfected with Ub-HA in HEK293T cells, whereas no accumulation of ubiquitinated Pam F3-3A mutant was observed, indicating that mutations in the RZF domain completely abolished self-ubiquitination (Fig. 2B) . Most E3 Ub ligases are known to have a short half-life [21] . To determine the role of the RZF domain on stability, we chased the half-life of Pam F3 and Pam F3-3A mutant in the presence of the translation inhibitor cycloheximide up to 24 h. Mutations in the RZF domain (PamF3-3A) resulted in significant prolongation of Pam's half-life, whereas ∼ 50% of wild type Pam F3 was degraded within 3-6 h (Fig. 2C ). In addition, the level of Pam F3 was consistently lower than the level of Pam F3-3A mutant in transfected cells (Fig. 2B, D and E), supporting that Pam is self-ubiquitinated, and intact RZF domain of Pam is essential for regulation of self-ubiquitination and stability. As is evident in Fig. 2D , Pam F3-3A had significantly reduced tuberin ubiquitination, when compared to the wild type Pam F3. Furthermore, when Pam F3 and TSC2 were overexpressed, the TSC2 level was significantly reduced in HEK293T. However, Pam F3-3A was less efficient in downregulating TSC2, compared to Pam F3 (Fig. 2E) .
Phosphorylation-independent ubiquitination of TSC2 by Pam
Phosphorylation of a substrate is one of the initiation events for targeting a substrate for ubiquitination by serving as a recognition motif for an E3 ubiquitin ligase [29, 30] . Tuberin is known to be phosphorylated and inhibited by various kinases in the PI3K and MAPK signaling pathways, including Akt, ERK, and RSK1 kinases [31] [32] [33] [34] . To determine whether tuberin phosphorylation is essential for initiation of tuberin ubiquitination by Pam, we tested the effect of mutations at several phosphorylation sites by using non-phosphorylatable tuberin mutants such as S939A/T1462A (mutant of Akt phosphorylation), S1798A (mutant of RSK1 phosphorylation) and S540A/ S664A (mutant of ERK phosphorylation). We hypothesized that if phosphorylation is necessary for TSC2 ubiquitination, these non-phosphorylatable TSC2 mutants would not be ubiquitinated. Surprisingly, all mutants showed robust ubiquitination, similarly to the wild type tuberin (Fig. 3A) . These results suggest that tuberin ubiquitination by Pam is either mediated by other phosphorylation sites or is independent of its phosphorylation status.
A TSC disease-derived mutation (R611Q) enhances tuberin ubiquitination by Pam
Previous studies showed that hamartin inhibits tuberin ubiquitination in HEK293 and Cos-7 cells [35, 36] . Similarly, we found that tuberin ubiquitination by Pam was completely blocked by co-expression of TSC1 (Fig. 3B, lane 2) . These results support the prevailing idea that hamartin acts as a chaperone to stabilize tuberin. However, TSC1 was unable to inhibit TSC2 ubiquitination by Pam when a naturally occurring missense TSC2 mutant (TSC2 R611Q) was expressed along with TSC1 and Pam F3, compared to wild type TSC2 (Fig. 3B,  lane 3) . Tuberin R611Q mutant has been shown to be incapable of binding hamartin [37] . In contrast, another pathogenic tuberin mutant (R905Q), which is capable of binding to hamartin [37] , was not ubiquitinated by Pam when co-expressed with TSC1 (Fig. 3B, lane 4) . Therefore, these results suggest that a subset of disease-associated TSC2 mutations, which disrupt hamartin binding, are more susceptible to ubiquitination by Pam.
Pam regulates mTOR signaling through tuberin in neurons
Pam, similar to Drosophila and C. elegans homologs (HIW and RPM-1) is highly expressed in neurons. To determine RNAi groups (mean ± SEM; n =3, t-test, ⁎ p b 0.05). Band intensities from western blots were analyzed using scanned images by densitometer (Bio-Rad). TSC2 levels were normalized against GAPDH levels. (C) Quantitation of P-S6 levels in control and Pam RNAi groups (mean± SEM; n =3, t-test, ⁎ p b 0.05). Band intensities were analyzed as described in B. P-S6 levels were normalized against total S6 levels.
whether Pam regulates tuberin levels in mammalian neurons, we examined whether Pam RNA interference (RNAi) results in stabilization of tuberin. We employed the lentiviral, vectorbased pLKOpuro.1 RNAi system [24] to knock down Pam expression in primary cortical neurons derived from embryonic day 18 rat. At 4 days post-infection with lentiviral Pam RNAi, Pam expression was specifically knocked down, compared with neurons infected with control RNAi lentivirus expressing scrambled non-targeting sequence (Fig. 4A) . Furthermore, downregulation of Pam increased tuberin levels, when compared with control RNAi (Fig. 4A and 4B) . Since tuberin is known to inhibit mTOR activity, we tested whether the activity of components of the mTOR pathway were downregulated upon Pam knockdown. We observed that two targets of the mTOR signaling pathway, p70S6 kinase (S6K) and ribosomal S6, were downregulated, as monitored by the reduced levels of phospho-S6K (T389) and phospho-S6 (S235/236) ( Fig. 4A and  C) . These results suggest that Pam can regulate tuberin levels and thus the mTOR pathway in mammalian neurons.
To further determine the influence of Pam on the mTOR pathway in neurons, immunofluorescence was performed using dissociated hippocampal neuron cultures (4 DIV) to assess the effect of Pam RNAi on phospho-S6 (S235/236) levels, using a vector-based pSuper RNAi system [23] . Neurons were cotransfected with pSuper or pSuper-Pam RNAi, along with the pEGFP vector as a reporter of transfected cells. At 4 DPT, cells were fixed and subjected to immunofluorescence analysis using the anti-P-S6 (S235/236) antibody. Quantitative analysis revealed that Pam RNAi not only resulted in a significant reduction in Pam levels (supplemental Fig. 1.) , but that it also resulted in a significant decrease of P-S6 level, when compared with vector control (Fig. 5A and B) . Additionally, neurons expressing a mutant Pam RNAi, having two point mutations at target recognition sequences, showed no decrease in P-S6 levels (supplemental Fig. 2.) . These results indicate that Pam may play a role in regulating the mTOR signaling pathway in neurons.
Discussion
In this study, we document for the first time that mammalian Pam functions as an E3 Ub ligase, and Pam, as an interactor of tuberin, can induce the ubiquitination of tuberin. RNAi mediated knockdown of Pam in rat primary neurons results in stabilization of tuberin and downregulation of mTOR signaling, which establishes a physiological role for Pam in regulating TSC/mTOR signaling in mammalian neurons. In addition to growth control in various organs, TSC proteins via mTOR signaling play an important role in neurodevelopment. Rapamycin-sensitive mTOR function is known to regulate neuronal activity-dependent local protein synthesis, long-term potentiation, and neuronal morphology [19, 20, 38] . A crucial role for mTOR signaling in neuronal translation has been established providing a functional role for this pathway in long-lasting forms of synaptic plasticity and memory [18, 39, 40] . Furthermore, a functional interplay between MAPK and mTOR-dependent signaling appears to determine the translational efficiency during the establishment of long-term synaptic plasticity [18, 41] . Two most recent publications employing knock out approaches for Pam (Phr1) in mouse implicate a role for Pam in axon tract formation and regulation of axon outgrowth [42, 43] . In the future, it is essential to examine whether the defects observed in the Phr1 deficient mice could be explained in part by aberrant regulation of TSC/mTOR signaling.
Tuberin is also ubiquitinated by other putative E3 Ub ligases including human papillomavirus E6 oncoprotein and the recently identified HERC1 protein. E6 oncoprotein from human papillomavirus 16 associates with and degrade tuberin, thus leading to upregulation of S6K and S6 activities, suggesting a potential pathogenic mechanism of E6-induced tumorigenesis [44] . Intriguingly, HERC1, similar to Pam, is a very large protein (532 kDa) with multiple domains including a HECT domain (homologous to E6-AP carboxyl-terminus) and a RCC1-like domain (RHD) [45] . A recent report demonstrates that HERC1 associates with TSC2, and TSC1 inhibits the interaction between TSC2 and HERC1. The authors further demonstrate that TSC1 stabilizes TSC2 by preventing the association between tuberin and HERC1 ubiquitin ligase [36] . The physiological functions of HERC1 in regulating the TSC-mTOR pathway are yet to be determined. However, it is important to note that in addition to phosphorylation by multiple kinases, tuberin stability is also determined by ubiquitination mediated by many Ub ligases, which adds another layer of complexity to TSC-mTOR regulation.
Protein phosphorylation plays an important role in the initiation of protein ubiquitination by providing a recognition motif for an E3 ligase and it was shown previously that activation of Akt could trigger the proteasomal degradation of tuberin [46] . Our results show that tuberin ubiquitination by Pam, in HEK293 cells, can occur independently of tuberin phosphorylation by Akt, RSK1, and ERK kinases. However, our results suggest that abolishing hamartin binding may enhance tuberin ubiquitination by Pam. While phosphorylation is known to trigger substrate ubiquitination by some E3 Ub ligases, it is also becoming evident that phosphorylation of E3 Ub ligase itself or interaction with other regulatory proteins can modulate the accessibility of an E3 ligase to its substrate, thus regulating the ubiquitination process [47, 48] . Further identification of upstream signal(s) or interacting proteins, which could regulate Pam's E3 Ub ligase, may be necessary to understand precisely how Pam ubiquitinates its substrates.
Tuberin ubiquitination by these putative E3 Ub ligases and subsequent degradation may occur in a context or tissue-dependent manner. For example, Pam is expressed predominantly in the nervous system, while HERC1 is expressed ubiquitously. Given the specific role of Pam homologs in the nervous system, mammalian Pam may function primarily in the nervous system as an E3 Ub ligase toward tuberin. Furthermore, it will be interesting to identify other downstream targets that may serve as substrates for the E3 Ub ligase activity of Pam and to define whether Pam integrates mTOR signaling with other signaling pathways in neurons.
